The solar power sail is a deep space probe that will be powered by a hybrid propulsion system with solar photon acceleration and ion engines to explore the outer planetary regions of the Solar System without having to rely on nuclear power. The Japan Aerospace Exploration Agency (JAXA) launched the world's first solar sail demonstration spacecraft, "IKAROS" (Interplanetary Kite-craft Accelerated by Radiation Of the Sun), in 2010. This spacecraft successfully demonstrated several key technologies related to the use of a solar power sail in a deep space flight environment. JAXA is currently planning an outer Solar System exploration mission using the demonstrated solar power sail technology, where the spacecraft will fly to Jupiter and perform a swing-by for a Jovian Trojan asteroid. This study undertook a trajectory design and system feasibility analysis for this mission. Candidate target asteroids were selected based on ballistic trajectory analysis, and then, electric-propulsion, continuous-thrust trajectory design was conducted to verify the conditions assumed for the ballistic analysis (e.g., estimate of steering loss due to the low-thrust trajectory). It was found that out of over 4000 Trojan asteroids, only 7 are feasible candidates considering the preliminary system design results. To broaden the choice of target asteroids, it will be necessary to reduce the weight of the solar power sail itself, its deployment mechanism, and the bus electronics.
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Introduction
A solar sail, which consists of a huge, thin membrane that is deployed in space to generate a propulsive force by reflecting sunlight, is expected to be an essential propulsion system for future deep space exploration. This is because solar photon propulsion does not require any consumable fuel, and therefore allows further and longer space travel than conventional propulsion systems for which the velocity increment limit is determined by the amount of fuel that can be carried.
JAXA has proposed the concept of a "solar power sail" for future deep space exploration. This expands upon the concept of the solar sail. 1) A solar power sail combines a solar sail (photon propulsion) with additional electric power generation by using flexible solar cells attached to the sail membrane. The solar power sail spacecraft is thus powered by a hybrid propulsion system with solar photon acceleration and highly efficient ion engines driven by electric energy from the large flexible solar cells. This, in turn, provides a flexible and efficient orbital-control capability, even in the outer planetary regions of the Solar System, and does not have to rely on nuclear technology.
We have been studying and developing solar power sail technology for around 10 years with a goal of attaining advanced, original technologies for exploring the outer Solar System. Since 2002, we have conducted several experiments on the ground using a vacuum chamber, a balloon, and a sounding rocket. After the completion of these experiments, we successfully launched the world's first solar sail demonstration spacecraft, called IKAROS (Interplanetary Kite-craft Accelerated by Radiation Of the Sun) in 2010 ( Fig.  1 ). IKAROS was a precursor mission to demonstrate the key technologies for the solar power sail concept, which are (1) the deployment of a large sail in space; (2) solar power generation using thin-film solar cells attached to the sail; (3) confirmation of the acceleration produced by solar irradiation striking the sail; and (4) the interplanetary guidance, navigation, and control of the solar sail spacecraft. IKAROS successfully demonstrated these technologies and thus became the world's first solar sail. 2) Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. We are currently studying a mission for exploring the outer Solar System that will use a solar power sail and the electric propulsion technology demonstrated by IKAROS and the asteroid sample return spacecraft Hayabusa.
3) The goal of this mission is to fly to Jupiter, where the spacecraft will perform a swing-by for its destination, a Jovian Trojan asteroid. After rendezvousing with the asteroid, a sample return mission is optionally planned where the spacecraft will capture a sample of the asteroid and then bring it back to Earth. 4) Trojan asteroids are located at Lagrange points L4 and L5 associated with the Sun-Jupiter system (Fig. 2) . JAXA plans to initiate the project in a few years and expects the launch to be in around 2020.
Previous research 5) explored ballistic trajectories (a direct transfer trajectory to an asteroid as well as a trajectory using gravity assists of Mars and Jupiter) and derived the generally easy-to-access Trojan asteroids, where the authors did not assume any spacecraft configuration or launch rocket. Our study focuses more on the trajectory design for the above mission using a solar power sail. The goal of this study is to design feasible trajectories to the Trojan asteroid considering the results of the preliminary solar power sail spacecraft system design as well as the launch rocket and launch window constraints, and thus to derive candidate target asteroids. In Section 2, we provide an overview of the mission, some of the new technologies to be demonstrated in this mission, and other scientific objectives. In Section 3, we perform a trajectory design and system feasibility analysis, focusing on the mission up until the rendezvous with the asteroid. In Section 4, we present the conclusions of this study.
Jupiter and Trojan Asteroid Exploration Using Solar Power Sail

Mission overview
The current scenario for the Jovian Trojan asteroid exploration mission consists of five phases. The first phase is an Electric Delta-V Earth Gravity Assist (EDVEGA) 6) phase, whereby the departure velocity relative to Earth is efficiently increased. The second phase is the transfer from Earth to Jupiter, followed by a Jupiter swing-by. The third phase is a rendezvous with one of the Trojan asteroids at Lagrange points L4 or L5 associated with the Sun-Jupiter system (Fig.   2 ). Electric propulsion is utilized to achieve a large V for the rendezvous. The large amounts of power needed for the electric propulsion system are supplied by the solar power sail. The fourth and fifth phases address the optional sample return mission, which will capture an asteroid sample and bring it back to Earth, respectively.
We expect the launch to be in around 2020, and the overall mission duration from the launch to Trojan asteroid rendezvous will be around 10 years. (This does not include the Earth return phase of the optional sample return mission.)
Technology demonstration missions
This mission will demonstrate the following new technologies, which will be required for future exploration of the Solar System: fabrication of a large-membrane space structure and its deployment strategy hybrid propulsion using both photon acceleration and ultra-high-performance ion engines ultralight thin-film solar cells reaction control system (RCS) that functions at very low temperatures fuel cells integrated with the propulsion system EDVEGA technique using a hybrid propulsion system ultra-stable oscillator for one-way range or very long baseline interferometry (VLBI) precise orbit determination Ka-band communication for interplanetary missions Utilizing the large amounts of electric power provided by the large, ultralight thin-film solar cells, the spacecraft will drive its ultra-high I sp ion engines, even at Jovian distances (>5 AU), to rendezvous with a Trojan asteroid. The intended I sp of the ion engines will be 6000 to 10000 s, which is almost up to 3.3 times as efficient as existing ion engines.
3) A very large solar power sail will be deployed and extended to drive the ion engines. The area of the sail will be over 10 times larger than that of IKAROS. The goal of the EDVEGA technique, which utilizes this highly efficient electric propulsion system, is to increase the payload mass for outer Solar System exploration. These technologies will enable flexible orbital maneuverability even in the outer planetary regions of the Solar System, without having to rely on nuclear technology.
The RCS that functions at very low temperatures (below -40 °C) will drastically reduce the required heater wattage in outer Solar System environments, where the solar radiation intensity is very low. The fuel cells integrated with the RCS will realize a power storage that is very light but with a high power density. These are key technologies for advancing the bus technologies used in outer Solar System exploration.
Scientific missions
In addition to demonstrating these new technologies, other new and innovative science will be carried out by this spacecraft. 7) Cruising science During the mission's long cruising period to the Trojan asteroid via the main asteroid belt and Jupiter, astronomical observations that are only possible in deep space will be performed. These will include (1) long baseline gamma ray burst detection and the polarimetry of highly energetic light sources, (2) infrared survey observation of the dark-age stars of the early universe in the whole sky beyond the foreground zodiacal light that originates primarily from the main asteroid belt, (3) zodiacal light measurement that will be directly compared with micrometeoroid impacts on the sail membrane of an area of up to 3000 m 2 , and (4) opportunistic flybys of near-Earth asteroids and main-belt asteroids, prior to reaching Jupiter and then its Trojan asteroids. Trojan asteroid exploration Jovian Trojan asteroids are one of the few remaining frontiers within our Solar System, and they may hold fundamental clues to the formation and evolution of the Solar System. The genesis of these asteroids is discussed by two competing hypotheses, namely, the classic model and the more recent Nice model. The former suggests that Trojan asteroids are mainly survivors of the building blocks of the Jupiter system, while the latter claims that they are intruders from outer regions of the Solar System that arrived after the planetary migration of the gas planets settled. In previous years, scientific investigations of these dark, distant asteroid reservoirs were largely dependent upon ground observations by large optical and spectroscopic telescopes, while few D-type asteroid analog meteorites were collected on Earth. However, thanks to recent development in observational technologies such as adaptive optics, statistical studies of the asteroids in the Jovian L4 and L5 regions have become possible. These studies have raised new questions about the composition of the asteroids far beyond the current snow line and the internal structures implied by binary system measurements. The solar power sail mission will make a rendezvous with, and closely observe, a Trojan asteroid and will thus help to answer the above questions.
Trajectory Design and System Feasibility Analysis
In this section, trajectories to the Trojan asteroid are designed and the feasibility of the derived trajectories is analyzed considering the preliminary spacecraft system design results (such as the weight of the bus, the power generation capability of the solar power sail, and I sp of the ion engines). This section describes the derivation of candidate target asteroids.
Analysis procedure Assumed trajectory sequence
We assumed a combination of 2-rev EDVEGA (two years of Earth-synchronous orbit with velocity increment by electric propulsion), a Jupiter transfer phase (ballistic trajectory), and a Trojan asteroid rendezvous phase (low-thrust trajectory) as the trajectory sequence leading up to Trojan asteroid rendezvous (Fig. 3) . EDVEGA combines the V -leveraging V-EGA (Delta-V Earth Gravity Assist) technique 8) with a highly efficient electric propulsion system to increase the departure velocity relative to Earth. This technique enables the launch of a large payload to Jupiter, which would not be possible with a launch into a direct Jupiter transfer trajectory. A Venus-Earth-Earth Gravity Assist (VEEGA) trajectory with electric propulsion assistance would be possible, but an EDVEGA strategy was adopted because our preference was to keep the range of solar distance during the mission as small as possible. The range of solar distance with the EDVEGA trajectory is >1 AU, whereas a VEEGA strategy would require a special thermal design for the spacecraft to enable it to survive the Venus solar distance (around 0.7 AU).
Analysis conditions
We assumed a launch by a Japanese H-IIA 204 (4S fairing) rocket with an ideal third-stage solid rocket kick motor. The value of C3 for the launch was assumed to be 28 km 2 /s 2 , which is required for the 2-rev EDVEGA trajectory. The launch capability under these conditions is about 2150 kg. The Jupiter swing-by date was set to between Jan 1, 2025, and Dec 31, 2029, considering the likely launch timing (after 2021) and the duration of the EDVEGA phase (two years). The effect of the solar radiation pressure on the sail was not considered in the trajectory calculation. This is because the solar radiation pressure applied to the solar power sail is essentially in the orbital radial direction (given that, for this mission, most of the sail area is covered by solar cells with a solar absorptance of almost 1) and the contribution of the radial acceleration to the orbital energy increment is not so large.
We considered all the Trojan asteroids that have been discovered to date as candidate target asteroids. Their orbital elements were obtained from the JPL Small-Body Database. 9) In this database, Jupiter Trojan asteroids are defined as asteroids trapped in Jupiter's L4/L5 Lagrange points (4.6 AU < a < 5.5 AU; e < 0.3).
Step 1: Ballistic trajectory design Ballistic trajectories were designed for a sequence consisting of the Jupiter transfer phase, Jupiter swing-by, and Trojan asteroid rendezvous phase. Trajectories were globally searched using the "trajectory parts connection method." 10) Ballistic trajectories for the Earth-to-Jupiter leg and the Jupiter-to-asteroid leg were calculated by solving Lambert problems. Feasible combinations of two legs were searched so that V at Jupiter and the Jupiter swing-by date for the two legs coincide with each other. To avoid the severe radiation environment around Jupiter, any feasible trajectory should have a swing-by radius at Jupiter of >6 R j (Jupiter radius, 7.15 × 10 4 km).
Step 2: System feasibility analysis
The approximate V for the EDVEGA phase and Trojan asteroid rendezvous phase was calculated for the derived ballistic trajectory sequences. Then, the spacecraft weight margin, ion engine operation ratio for each phase, and total operating time of the ion engine were calculated, and the constraints for these parameters were checked.
The V value for the EDVEGA phase was calculated considering the velocity difference between the launch C3 (5.3 km/s) and the Earth departure velocity for the Earth-to-Jupiter leg. V was calculated by dividing the velocity difference by a typical EDVEGA V -leveraging efficiency. We used the EDVEGA efficiency calculated by Hamasaki et al. 11) for this analysis. This study assumed a single-spin-type solar power sail with no solar radiation pressure acceleration applied, and the corresponding EDVEGA efficiency was used in our analysis.
The V value for the Trojan asteroid rendezvous phase was calculated from the relative velocity between the spacecraft and the asteroid when the spacecraft arrives at the asteroid. The overall V that should be produced by the ion thruster heads was calculated considering the steering loss for low-thrust trajectories and the cosine loss due to the angular difference between the ion thruster platform and the thrust axes of the ion thruster heads on the platform. We conservatively and empirically set these two figures to 1.4 and 0.95.
The weight margin of the spacecraft was evaluated from the wet weight, dry weight, and the total V attained by the electric propulsion (as calculated above) and chemical propulsion (200 m/s for orbital correction and attitude control and I sp of 300 s). Preliminary analysis suggested that the ion engine operation ratio constraint is the most limiting factor in obtaining feasible solutions. Therefore, to relax the requirement for the ion engine operation ratio, we determined (by trial and error) that the total weight of the spacecraft had to be as low as 1500 kg to be within the launch capability (2150 kg). This figure was determined so that we could secure a sufficiently large weight margin that would allow us to consider the anticipated additional resources required for the optional sample return mission (200 kg) and also obtain multiple feasible solutions. The dry weight of the spacecraft, which includes the weight of the bus electronics, the chemical and electric propulsion systems, the solar power sail and its deployment mechanism, and the scientific instruments, was set to 1098 kg, based on our preliminary system configuration design results. The weight of the spacecraft structure, excluding the above components, was estimated to be 12% of the wet weight of the spacecraft (1500 kg) minus the weight of the propellant of the chemical and electric propulsion system. The weight of the propellant of the chemical and electric propulsion system for each designed trajectory was calculated from the wet weight and the value of V.
The operating time of the ion engine was calculated for the EDVEGA phase and the Trojan asteroid rendezvous phase. The operating time can be calculated from the thrust of the ion engine. We assumed that the product of I sp [s] and the thrust/power ratio [mN/kW] is constant (9.0 × 10 4 [mN•s/kW]) for an electron cyclotron resonance ion engine, 3) and the available thrust was calculated from the amount of power generated by the solar power sail at 5 AU and the I sp of the ion engine system. The current design of the solar power sail assumes a sail area of 3000 m 2 . Therefore, the power generation capability at a solar distance of 5 AU and a sun angle of 0° was calculated to be 3.64 kW considering some system margins. The sun angle was assumed to be 45° while the single-spin solar power sail spacecraft is using its ion engines, and we used this angle when calculating the power available for the ion engine operation. The " 10HIsp" 12) ion engine system that is intended to be used for this mission is a higher-I sp version of the " 10"
3) ion engine system used for the Hayabusa mission, and for this analysis, the I sp of the ion engines was determined to be 6000 s, which is the lower limit of the range of I sp that can be achieved by modifying the current design of the 10HIsp (with an I sp of 10,000 s). Preliminary analysis suggested that the ion engine operation ratio constraint is the most limiting factor in obtaining a feasible solution. For this reason, therefore, a lower I sp was chosen to achieve a larger thrust and relax the requirement for the ion engine operation ratio for the EDVEGA phase and the Trojan asteroid rendezvous phase.
The ion engine operation ratios for both the EDVEGA phase and the Trojan asteroid rendezvous phase were also calculated. A large operation ratio incurs the risk of a velocity increment shortage in the event of there being temporary operational troubles. Therefore, the operation ratio should not exceed a given limit, which we set to 0.7 for this study. This constraint was empirically derived for the operation ratio limit for one week (a 2-day margin for one week).
The total operating time of the ion engine should not exceed 40,000 h, given the typical lifetime of a contemporary electron cyclotron resonance ion engine and expected developments in the technology.
Step 3: Low-thrust trajectory calculation A low-thrust trajectory calculation was conducted to correspond to one of the selected (feasible) ballistic trajectory sequences. The objective of this calculation was to verify the conditions considered in the ballistic trajectory analysis (e.g., estimate of the steering loss for a low-thrust trajectory).
Direct collocation with nonlinear programming (DCNLP) was used as the trajectory optimization scheme, and the total V was used as the objective function to be minimized. We employed a nonlinear thrust inequality constraint that couples the thrust direction to the maximum thrust constraint. In this constraint model, the thrust direction determines the sail attitude, and the sail attitude determines the sun angle. Then, the available solar sail power and available thrust can be calculated. For the initial condition, the Jupiter departure date and the magnitude of the relative velocity with respect to Jupiter were fixed and the velocity direction was assumed to be free as long as it satisfies the Jupiter swing-by radius constraint. For the terminal condition, the spacecraft position and velocity should be identical to that of the target asteroid. The time of flight (TOF) was not constrained.
Results
A trajectory design and system feasibility analysis was conducted according to the above procedure. Table 1 lists the derived feasible trajectory sequences, and shows the feasible combinations of target asteroids and representative trajectories. The weight margin for each combination is also listed. Each combination satisfies the feasibility criteria (weight margin, operating time, and operation ratio of the ion engine). Fig. 4 shows the results of the low-thrust calculation. This trajectory was calculated for the second trajectory sequence in Table 1 . The value of V for this low-thrust trajectory was about 1.8 km/s, which was consistent with the ballistic V (about 1.3 km/s) and the estimated steering loss for the low-thrust trajectory (1.4). It can be said that the conditions assumed for the feasibility analysis were appropriate. However, low-thrust trajectory analyses for more of the cases listed in Table 1 will be required to statistically confirm that the assumed conditions are, in fact, appropriate.
It was found that, out of over 4000 Jupiter Trojan asteroids, only 7 are feasible. The most limiting factor in obtaining a feasible solution was the constraint on the ion engine operation ratio, and this is mainly because the dry weight of the spacecraft (which includes the weight of the solar power sail) is so large that the available acceleration is very limited such that only very low V trajectories are feasible considering this constraint on the ion engine operation ratio. In other words, the ion engine operating time tends to become large owing to the large weight of the spacecraft.
To broaden the feasibility of the mission and the choice of target asteroids, it will be necessary to reduce the weight of the solar power sail, its deployment mechanism, and the bus electronics.
Further investigation will also be required to determine which of the selected asteroids (Table 1) are of more scientific value in order to achieve the scientific goals described in Section 2.3.
Conclusions
In this study, we conducted a trajectory design and system feasibility analysis for a Jovian Trojan asteroid exploration mission using a solar power sail. This mission plans to fly to Jupiter, where the spacecraft will perform a swing-by for its destination, a Trojan asteroid.
The trajectory sequence from launch to arrival at the Trojan asteroid was designed based on ballistic analysis. Then, the feasibility of the derived trajectory sequences was analyzed in terms of the constraints of the spacecraft weight margin, total operating time, and operation ratio of the ion engine. Next, a low-thrust trajectory calculation was conducted for one of the selected feasible ballistic trajectory sequences in order to verify the conditions assumed for the ballistic trajectory feasibility analysis.
Our results showed that, out of over 4000 Jupiter Trojan asteroids, only 7 asteroids are feasible. This is mainly because the dry weight of the spacecraft (which includes that of the solar power sail) is so large that the available acceleration is very limited. To broaden the feasibility of the mission and the choice of target asteroids, it will be necessary to reduce the weight of the solar power sail, its deployment mechanism, and the bus electronics. JAXA plans to initiate this project in a few years and anticipates the launch in around 2020. Further studies and technology development will be conducted in support of this mission.
